Serine hydrolase KIAA1363 is highly expressed in invasive cancer cells and is the major protein in mouse brain diethylphosphorylated by and hydrolyzing low levels of chlorpyrifos oxon (CPO) (the activated metabolite of a major insecticide). It is also the primary CPO-hydrolyzing enzyme in spinal cord, kidney, heart, lung, testis, and muscle but not liver, a pattern of tissue expression confirmed by fluorophosphonaterhodamine labeling. KIAA1363 gene deletion using homologous recombination reduces CPO binding, hydrolysis, and metabolism 3-29-fold on incubation with brain membranes and homogenates determined with 1 nM [ 3 H-ethyl]CPO and the inhibitory potency for residual CPO with butyrylcholinesterase as a biomarker. Studies with knockout mice further show that KIAA1363 partially protects brain AChE and monoacylglycerol lipase from CPO-induced in vivo inhibition. Surprisingly, mouse brain KIAA1363 and AChE are similar in in vitro sensitivity to seven methyl, ethyl, and propyl but not higher alkyl OP insecticides and analogues, prompting structural comparisons of the active sites of KIAA1363 and AChE relative to OP potency and selectivity. Homology modeling based largely on the Archaeoglobus fulgidus esterase crystal structure indicates that KIAA1363 has a catalytic triad of S191, D348, and H378, a GDSAG motif, and an oxyanion hole of H113, G114, G115, and G116. Excellent selectivity for KIAA1363 is achieved on OP structure optimization with long alkyl chain substituents suggesting that KIAA1363 has larger acyl and leaving group pockets than those of AChE. KIAA1363 reactivates faster than AChE presumably due to differences in the uncoupling of the catalytic triad His upon phosphorylation. The structural modeling of KIAA1363 helps us understand OP structure-activity relationships and the toxicological relevance of this detoxifying enzyme.
Introduction
Serine hydrolase KIAA1363 was first recognized as two glycosylated forms of 45 and 50 kDa by activity-based protein profiling of human cancer cells (1) and mouse brain membranes (2) . It is highly expressed in many invasive breast, melanoma, and ovarian human cancer cell lines (1) and primary human breast tumors (3) and thus serves as a potential biomarker for the diagnosis of cancer. These findings prompted extensive structure-activity studies on trifluoromethyl ketones and related compounds as potent and selective reversible inhibitors of KIAA1363 (2) . It is even more sensitive to chlorpyrifos oxon (CPO) 1 (Figure 1 ), the activated metabolite of a major insecticide, and many other organophosphates (OPs) and importantly is the principal CPO-binding protein and hydrolase (Figure 2 ) in mouse brain membranes (4) . KIAA1363 is therefore of interest as both an OP-sensitive enzyme and a contributor to OP detoxification in the brain (4) .
The goal of this study is to define the toxicological and structural features of KIAA1363 relative to its interaction with OP inhibitors. The health effects of OP-induced inactivation are deduced from the gene deficiency phenotype. The importance as an OP-detoxifying enzyme is examined by the patterns of expression, CPO metabolism, and protective effects for OPsensitive targets from inhibition through comparison of KI-AA1363 +/+ and -/-mice in vitro and in vivo. OP inhibitors are then optimized for potency toward KIAA1363 relative to acetylcholinesterase (AChE), the primary target of OP poisoning. Finally, the structural features of KIAA1363 are considered by preparing a model, based primarily on the crystal structure of the highly homologous Archaeoglobus fulgidus esterase (AF-EST) (5) . The OP inhibition and reactivation mechanisms are considered based on docking CPO and other inhibitors and structural comparisons of KIAA1363 and AChE. (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) Ci/ mmol) (6), the candidate OP KIAA1363 inhibitors (Supporting Information), and 1(3)-[ 14 C]oleoylglycerol (7) were synthesized in the Berkeley laboratory or obtained from commercial sources. The fluorophosphonate-rhodamine (FP-rhodamine) probe ( Figure 1 ) was from ActivX Biosciences (La Jolla, CA) (8) . Insecticides and their analogues were from Sigma (St. Louis, MO) or ChemService (West Chester, PA), and highly purified horse serum butyrylcholinesterase (BChE) was from Sigma.
Materials and Methods

Chemicals. [ 3 H-ethyl]CPO and [ 3 H-ethyl]diazoxon
Toxicology Studies. Mice, Treatments, and Tissue Preparations. Swiss-Webster +/+ mice were used for all studies unless specifically stated otherwise. Male albino Swiss-Webster mice (25-30 g ) and male and female C57BL/6 mice (15-20 g) were from Harlan Laboratories (Indianapolis, IN). Experimental details for the generation of KIAA1363 knockout (-/-) mice using homologous recombination are available on request from Benjamin Cravatt. KIAA1363 -/-and wild-type mice were littermates on a mixed genetic background (129S6/SvEv and C57BL/6) (4), except for the studies comparing +/+ and -/-mouse brain homogenates where age and sex-matched C57BL/6 mice were used as the wild type. Test compounds were administered ip using dimethyl sulfoxide (DMSO) (1 µL/g body weight) as the carrier vehicle, or DMSO alone was injected as a control. Mouse tissues (fresh or from frozen storage at -80°C) were homogenized in 100 mM phosphate buffer (pH 7.4). Two preparations were used as follows: the homogenate after centrifugation at 1000g for 20 min to remove debris and membranes from centrifugation of the 1000g supernatant at 100000g for 60 min. Membranes were resuspended in phosphate buffer and used directly or held at -80°C until assayed. The Bradford method (9) was used to determine protein.
FP-Rhodamine Labeling. Serine hydrolases were analyzed by the FP-rhodamine procedure (2, 4) . Briefly, membranes (50 µg protein) and FP-rhodamine (1 µM) in 50 mM Tris-HCl (pH 8.0) (50 µL final volume) were incubated for 30 min at 25°C. Reactions were quenched with sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) loading buffer (reducing) and analyzed by SDS/PAGE and in-gel visualization with a flatbed fluorescence scanner.
[ 3 H]CPO Binding, Hydrolysis, and Metabolism. Specific binding was assayed with [ 3 H]CPO by either filtration or SDS/ PAGE (4). Thus, membranes or homogenate (200 µg of protein) in 100 mM phosphate buffer (pH 7.4) (500 µL) were incubated with 1 nM [ 3 H]CPO for 15 min at 25°C with nonspecific binding (CPO-insensitive sites including the "filter blank") determined by 15 min preincubation with unlabeled CPO (100 µM). Membranes were isolated by filtration through Whatman GF/B filters (presoaked in 0.9% sodium chloride for 2 h) after addition of cold 0.9% sodium chloride (2 mL) followed by three washes with fresh cold sodium chloride solution (2 mL) and scintillation counting. KIAA1363 is the predominant protein labeled by 1 nM [ 3 H]CPO in mouse brain membranes as determined by either SDS/PAGE or filtration under the conditions stated (4), so filtration was therefore used as a convenient assay to measure KIAA1363 binding. AChE and other OP-sensitive proteins were not detectably labeled in mouse brain membranes under these conditions most likely due to their low abundance or low affinity. The concentration of OP for 50% inhibition (IC 50 ) of KIAA1363 binding (determined with [ 3 H]CPO) involved a 3-fold dilution series and iterative nonlinear least-squares regression. Protein labeling was analyzed by SDS/PAGE and radioassay of gel slices (4) .
Partitioning methods were used to determine hydrolysis and metabolism reactions (4) . Incubations were carried out as for the binding assays, except for 60 min. Hydrolysis reactions were terminated by addition of potassium carbonate (200 mM, 0.83 mL) and extraction with chloroform:methanol:hexane (1.25:1.4:1) (2.5 mL). Metabolism was analyzed as total CPO reacted, i.e., loss on binding plus hydrolysis. The dpm ligand added was compared to that recovered after incubation using a partitioning procedure. Unmetabolized [ 3 H]CPO was analyzed by partitioning with a mixture of ethyl acetate (2.0 mL), hexane (0.8 mL), and water (0.2 mL). In each case, the upper phase was subjected to scintillation counting.
AChE, BChE, and Monoacylglycerol Lipase (MAGL) Activity Assays. AChE and BChE activities were assayed with acetylthiocholine and butyrylthiocholine, respectively (10) (11) (12) . IC 50 values for OPs with mouse brain AChE were determined after 15 min of preincubation at 25°C. BChE was used as a sensitive biomarker for residual CPO in metabolism studies. Mouse brain membranes (100 µg protein) were incubated with various concentrations of CPO in 100 mM phosphate buffer (pH 7.4) (245 µL) for 60 min before the addition of highly purified BChE as a biomarker (0.025 units in 5 µL of buffer) with incubation for 15 min to react with residual CPO before BChE assay. The MAGL activity in brain homogenate (200 µg protein) was assayed with [ 14 C]oleoylglycerol in 100 mM phosphate buffer (pH 7.4) (500 µL) (7) .
Homology and Structural Analysis. Homology Analysis and Sequence Alignment. The primary FASTA sequence of mouse KIAA1363 was obtained from the Uniprot Knowledgebase (13) and used for homology analysis with the BLASTp program (14) . Sequence alignment was done using CLUSTAL W (15) .
Structural Modeling. A structural model of KIAA1363 was built using the X3M program (16) available through a web interface at the Center for Biological Sequence Analysis (BioCentrum-DTU, The Technical University of Denmark, Lyngby, Denmark). This program uses a FASTA sequence in a BLASTp search against a nonredundant database of proteins derived from the Protein Data Bank (PDB) (17) and SWISS-PROT (18) . The resulting alignments are refined, and the best hit is used as a template for model building. The GeneMine programs, segmod (19, 20) and encad (21, 22) , are employed for gap filling and refinement, respectively. The best homology for a protein with defined crystal structure was with AFEST (PDB ID 1JJI) (5). The structural model generated in this fashion was missing residues 1-60 and 379-408, which were constructed as indicated below.
The transmembrane prediction software, TMPred (23) , predicted that at least residues 1-20 form a transmembrane helix. A BLASTp search at NCBI on the PDB database, using just residues 1-69 as input, revealed good alignment with residues 16-64 of 5-enolpyruvyl shikimate-3-phosphate synthase (EPSP synthase) (PDB ID 1Q36) (24) . The alignment started at residue 21 of KIAA1363 after the presumed transmembrane segment. The sequence homology with EPSP synthase suggested that residues 21-60 are likely to be R-helical in character, perhaps joined by short strands or loop regions. This was borne out by secondary structure homology modeling using jpred (25, 26) and nnpredict (27, 28) (Supporting Information, Figure 1) . A second structural model of KIAA1363 was generated using the ESyPred3D webserver at the University of Namur, Belgium (29) . In that model, good alignment was found with PDB ID 1U4N, which is a M211S/R215L mutant form of the EST2 hydrolase from a thermophilic bacterium (30) . In this structure, residues 27-60 are well-defined, as are residues 380-405. These regions were largely R-helical as expected. In this model, however, residues 263-319 were missing and residues 320-325 had an implausible arrangement. Because the KIAA1363 model from X3M was built based on the AFEST crystal structure, good correspondence was expected between the two structures. AFEST has a clearly defined gorge leading to the active site, a gorge that was missing in the originally generated X3M KIAA363 model. In AFEST, key portions of the gorge are formed by the N-terminal R-helix along with a C-terminal loop and R-helix. These regions were missing in the original X3M model generated but were present in the EsyPred3D structure and in other PDB structures with good sequence homology to KIAA1363. These portions are probably crucial leading to a combined homology model, generated with X3M for residues 61-379, EsyPred3D for residues >379 and <61, and the AFEST structure as an additional guide. Finally, all of the residue side chains were further minimized using Maestro 7.5 (Schrodinger, L.L.C., Portland, OR.) and MacroModel 9.0 (31) with a water continuum model and the MMFF with a convergence threshold of 0.5. This structure was examined in SwissPDB Viewer (version 3.7) (32) to identify and repair remaining side chain conflicts (mostly in the C-terminus, far from the active site). This was further minimized using the Gromos force field (33) in the SwissPDB Viewer. The resulting KIAA1363 homology model contained residues 27-396 and had a well-defined active site region.
Modeling of Enzyme-OP Interactions. All small molecules were built using the program Maestro 7.5, and the geometries were optimized using the MMFFs in MacroModel 9.0. These structures were then imported into AutoDock 3.0 (34) and were then docked into KIAA1363 and AChE (1N5M) (35) using the Lamarckian Genetic Algorithm. Several runs were performed using cubic grids ranging from 40 to 80 points per side centering on either the C-R of the His or the O-γ of the Ser in the catalytic triad. Each run gave 10 hits, which were subsequently analyzed for their fit in the catalytic triad region.
Results and Discussion
Toxicological Features of KIAA1363. Phenotype of KI-AA1363-Deficient Mice. There was no obvious phenotype associated with the absence of KIAA1363 (4) so no observable long-term effects are expected on complete OP-induced inhibition. Some OPs gave partial to complete in vivo KIAA1363 inhibition in the brain. Lethargy was apparent in these mice 2 h after treatment (Table 1) , but this was not a diagnostic poisoning sign and the compounds were not KIAA1363-specific inhibitors.
Tissue Expression Profile of KIAA1363. KIAA1363 was expressed in brain, heart, kidney, lung, spinal cord, and testis but not liver based on FP-rhodamine labeling and detection as two glycosylated forms at 45 and 50 kDa (Figure 3 Figure 4A ) and homogenate ( Figure 4B ) and for 1 nM [ 3 H]diazoxon in membranes ( Figure  4C ). CPO was much more selective than FP-rhodamine for labeling brain KIAA363 as compared with other proteins as evident by comparing Figures 3 and 4 . KIAA1363 was also the major 1 nM [ 3 H]CPO-hydrolyzing enzyme in heart, kidney, lung, and testis membranes and spinal cord and muscle homogenates (Table 2) . Importantly, no KIAA1363-dependent hydrolysis was found for liver membranes, but there were 45 and 60 kDa proteins labeled (Supporting Information, Figure  2) . In relation to overall CPO metabolism, KIAA1363 was the principal enzyme in heart membranes and played a significant role in spinal cord and muscle homogenates (Supporting Information, Table 1 ). ( SD, n ) 3). Incubation times are 15 min for binding and 60 min for hydrolysis and metabolism. In membranes (A) and homogenate (B), KIAA1363 is the predominant CPO hydrolyzing, binding, and metabolizing enzyme. The same trend also applies with diazoxon and brain membranes (C). The binding ratio is given for +/+ divided by -/-mice. Figure 5C,D) . The 85 kDa brain protein was possibly BChE based on molecular mass (36) , location in the homogenate but not membranes, and bambuterol sensitivity (presumably a selective BChE inhibitor) (37) (Figure 4B ) (the bambuterol IC 50 for BChE enzymatic activity was 77 ( 11 nM). There was about 3-fold more labeling of KIAA1363 as compared to 85 kDa protein ( Figure 5A,B) . In the absence of KIAA1363, the 85 kDa protein labeling increased by 2-fold ( Figure 5A ), indicating that both of these proteins served as CPO-reactive or metabolizing enzymes. Similar observations applied to KIAA1363 and the CPO-sensitive kidney and lung 60 kDa proteins ( Figure 5C,D) .
The second evidence that KIAA1363 in mouse brain protects against CPO comes from in vitro biomarker experiments. +/+ and -/-brain membranes were incubated with various concentrations of CPO for 60 min before addition of biomarker BChE to assay residual unreacted CPO. The IC 50 of CPO after incubation with -/-brain membranes was 0.7 nM as compared with +/+ membranes of 4 nM, i.e., a 6-fold detoxification by KIAA1363 measured as the decrease in potency (Figure 6 ). Biomarker BChE inhibition could also be extrapolated to the amount of unmetabolized CPO from 1 nM incubations. Thus, residual CPO gave 71% inhibition after incubation with -/-membranes vs 16% after +/+ membranes equivalent from a standard CPO inhibition curve to 0.62 and 0.05 nM residual CPO, respectively, i.e., a 12-fold detoxification.
Third, KIAA1363 protection against CPO was also observed in vivo by comparing +/+ and -/-mice using three OPsensitive sites, i.e., AChE, MAGL [a recently characterized OPtoxicological target (7)], and the 85 kDa labeled protein.
Background information for these studies was developed with Swiss-Webster mice ( Supporting Information, Figure 3 ). With CPO ip at 2 mg/kg and assays at 2 h posttreatment, the +/+ mice had less inhibition of AChE than -/-mice (51 ( 20 vs 74 ( 16%, respectively) but it was not statistically significant (p value ) 0.19) for the number of mice available (n ) 3) and no cholinergic poisoning signs were apparent. With CPO at 4 mg/kg for 24 h, the -/-mice had significantly greater brain Table 1 . Using an alternative data set for KIAA1363 with FP-rhodamine assays, the IC50 values for compounds 1-7 average 3-fold lower (r 2 ) 0.84, n ) 7) (4). S191  S180  S160  S203  H378  H371  H285  H447  D348  D341  D255  E334  GXSXG motif  GDSAG  GDSAG  GDSAG  GESAG  oxyanion hole  H 113  H109  H86  Y119  G 114  G110  G87  G120  G 115  G111  G88  G121  G 116  G112  G89  G122  kDa  45 . Superimposition of catalytic triads of KIAA1363 (S191, H378, and D348) and AChE (S203, H447, and E334) with different positioning of KIAA1363 D190 and AChE E202. Oxyanion hole residues also align well between KIAA1363 (G114, G115, and G116) and AChE (G120, G121, and G122). KIAA1363 is shown in blue, and AChE is shown in yellow (with orange letters).
AChE inhibition (75 ( 3%) than their +/+ counterparts (59 ( 6%) (Figure 7 ), although both genotypes had severe cholinergic poisoning at 4 h with complete recovery at 24 h (Supporting Information, Figure 3) . The inhibition by CPO at 4 mg/kg of both MAGL activity and 85 kDa protein labeling was significantly increased in the -/-as compared with the +/+ mice ( Figure 7) . These findings were supported by a model "chemical knockout" experiment in which Swiss-Webster mice were treated with the potent and selective KIAA1363 inhibitor 11 at 10 mg/kg for 1 h to completely inhibit KIAA1363 (data not shown). On CPO administration (4 mg/kg ip), these mice still exhibited cholinergic symptoms at 24 h with increased AChE inhibition (84 ( 3%) as compared to their fully recovered controls (69 ( 4%), i.e., both the poisoning signs and AChE inhibition were significantly increased by the KIAA1363 inhibitor.
Nonselective and Selective OP Inhibitors for KIAA1363 and AChE. OP Sensitivity Profiles. Each serine hydrolase has a unique OP sensitivity profile (36) . It was therefore surprising to find a similar profile for the first seven OP insecticides and analogues examined in vitro with mouse brain KIAA1363 and AChE (r 2 ) 0.92, n ) 7) (Table 1 and Figure 8) . Six of the OPs were evaluated with KIAA1363 and AChE in vivo, but there was no correlation in the inhibition observed (r 2 ) 0.004, n ) 6) with AChE generally being much more sensitive ( Table  1) .
Design of Selective OP Inhibitors. OP inhibitors were selected or designed to potentially disprove the apparent similar or nearly identical in vitro KIAA1363 and AChE sensitivity profiles of compounds 1-7 (Figures 1 and 8) . Echothiophate (8) with the quaternary trimethylammonium moiety was found to be highly AChE selective. Compounds 1-8 are methyl, ethyl, or propyl phosphates. Higher alkyl phosphates and phosphonates (9-12) were therefore considered. Two standard fluorophosphonate probes [EOPF (9) and IDFP (10)] were found to have some selectivity for KIAA1363 vs AChE in vitro and good selectivity in vivo (Table 1) . This might be due to the long alkyl chains, a hypothesis tested by systematic structure optimization of fluorophosphonates, 4-cyanophenyl phosphonates, 4-nitrophenyl phosphonates, and their analogues leading to very high selectivity in vivo for compound 11 and in vitro for compound 12 (Supporting Information, Tables 2 and 3) . On an overall basis, the two serine hydrolases had similar sensitivity profiles for OPs with short alkyl chains (C 1 , C 2 , and C 3 of 1-7) but KIAA1363 was more sensitive to inhibition by longer alkyl chains (C 8 , C 12 , and C 13 of 9-12) ( Table 1 ), implying that there may be common features to the binding sites that allow the shorter alkyl chains to fit both KIAA1363 and AChE while the longer chains are accommodated only by KIAA1363.
Structural Features of KIAA1363 Model. Preparation of KIAA1363 Model Structure. The primary sequence of murine KIAA1363 has high homology with arylacetamide deacetylase (AADA) (E value 1 × 10 -80 and identity 43%) with good similarity also for AFEST (Table 3 ) (Supporting Information, Figure 4 ). KIAA1363 and its homologues all have the Ser, His, and Asp catalytic triad residues, the GDSAG consensus sequence, the HGGG oxyanion hole motif (38) , and several other conserved residues. They vary from 310 to 408 amino acids or 35 to 45 kDa (Table 3 ). The structural model of KIAA1363 is based primarily on the crystal structure of AFEST (residues 61-379) (5) with the N and C terminus (residues 27-60 and 380-396) constructed using the crystal structure of EST2 hydrolase (30) supplemented by EPSP synthase (24) as an additional guide. The resulting KIAA1363 model contains residues 27-396 with an R/ -hydrolase fold and a central parallel -sheet surrounded by R-helices common to serine hydrolases and proteases ( Figure  9 ).
The catalytic S191 is located at the apex of a sharp turn between a -strand and an R-helix forming the "nucleophilic elbow" with H378 and D348 acting as proton carriers ( Figures  9 and 10) . S191 sits at the bottom of a large entry gorge (EG) serving as an "acyl pocket" (AP) leading to a side compartment or "leaving group pocket" (LGP) (Figure 11 ). H378 is situated in a loop connecting an R-helix and -strand with its imidazole nitrogen within hydrogen-bonding distance of the nucleophilic S191 hydroxyl hydrogen. The oxyanion hole is mediated by backbone interactions of G114-116 ( Figure 10 ).
OP Interactions with KIAA1363 Model Structure. CPO interactions with KIAA1363 are shown in Figure 11 . O-Ethyl moieties interact with the EG wall residues or the AP with contacts consisting of the oxyanion hole backbone (G114, G115), L119, A120, Y126, Y127, the nucleophilic elbow residues (D190-A192), Y221, I267, H378, G379, C380, and I382. The PdO phosphorus and oxygen also interact with the oxyanion hole backbone, nucleophilic elbow residues, and the catalytic H378 with the phosphorus stabilized further by Y221 and I267. The trichloropyridinyl moiety fits the LGP and interacts with G115 and G116, the nucleophilic elbow residues, Y221, D261, F262, M266, I267, V268, L286, T289, H378, and G379 (specific CPO residue interactions are further detailed in Supporting Information, Table 4 ). Compound 12 docks similarly to CPO relative to the phosphate and aryl substituents (Figures 11 and 12 ) but has multiple interactions of the C 13 alkyl chain with residues lining the gorge wall extending toward the outer lip ( Figure 12 ). These additional residues include G42, A43, V46, I66, and F383. The mechanism for egress of the leaving group (Figure 11) is not known. Reversing the aryl and long alkyl positions of 12 would facilitate this egress but gives inappropriate positive binding energies. An alternative is another gorge extending from the LGP out of the protein as seen in the AFEST crystal structure (5) .
The preference of KIAA1363 for longer alkyl chains was evident not only with OPs such as 12 but also with a series of trifluoromethyl ketones (2) . The KIAA1363 active site model is supported by the good fit of the most potent trifluoromethyl ketone (IC 50 52 nM), 5-[[(1R,2R)-2-(butoxymethyl)cyclohexyl]-methoxy]-1,1,1-trifluoro-2-pentanone (2) (unpublished result).
OP Interactions with AChE. The AChE catalytic triad (S203, H447, and E334) with Ser in a GESAG motif (Table 3) is located at the base of a narrow 18-20 Å deep EG ( Figure  11 ) (41) . The active site is confined by a well-defined AP formed by F295 and 297 and a LGP (often referred to as the "choline binding site") mediated primarily by W86 but also by Y337 and F338 (Figures 11 and 12) (41) . Similarities and differences between AChE and KIAA1363 are readily evident upon superimposition of their GXSXG motifs, catalytic triad residues, and oxyanion hole backbones (Figures 10-12 ). Many residues in the active site of AChE (A204, F338, F295, and F297) have similar spatial counterparts in the active site of KIAA1363 (e.g., A192, F262, L286, and T289, respectively). In contrast, the KIAA1363 active site is less restrictive due to the dual role of the EG serving as the AP and a larger LGP allowed by L286 and T289 of KIAA1363 replacing the bulkier F295 and F297 of AChE and the absence in KIAA1363 of the LGP-confining W86 of AChE (Figure 11 ). Accordingly, there is a reversal in the spatial functionalities of the AP and LGP of these two enzymes; that is, the KIAA1363 LGP corresponds to the AChE AP and the KIAA1363 AP/EG corresponds to the AChE LGP.
The structural features of AChE and KIAA1363 help explain the similar OP inhibitor profiles seen with short alkyl chain compounds and selectivity observed for KIAA1363 with long alkyl chain analogues. The inhibitor entry angles clearly differ for the two proteins as seen with the surface visualizations ( Figure 11 ). The larger KIAA1363 LGP allows for larger leaving groups to fit deeper and with closer proximity to the catalytic Ser oxygen (Figures 11 and 12) . The longer alkyl chains encompass the entire length of the EG as seen with the KIAA1363-selective inhibitor 12. The high affinity of echothiophate for AChE is attributed to hydrophobic interactions of the trimethylammonium moiety with W86 (42) without an equivalent site for KIAA1363.
Faster Reactivation of KIAA1363. KIAA1363 reactivates much faster than AChE. This is consistent with structural features that retard AChE dephosphorylation but are not applicable to KIAA1363 (Scheme 1). Thus, the slow reactivation of AChE is proposed to be due to the uncoupling of the catalytic triad that occurs upon phosphorylation where H447 moves away from E334 to interact with E202 (described for Torpedo AChE in ref 43) . In contrast, the KIAA1363 D190 (spatially equivalent to E202 of AChE) is farther and pointed away from the catalytic H378 ( Figure 10 ) and (although not shown) is stabilized by interactions with Y127 and Y111. As a result, the KIAA1363 catalytic triad presumably remains intact upon phosphorylation, thereby allowing base attack by water on the diethylphosphoryl moiety to form the second tetrahedral intermediate, leading to hydrolysis. In support of this proposal, when AChE E202 is mutated in a computational model to D202 and allowed to optimize to the most favorable rotamer, E202D also points away from H447.
Conclusions
The natural substrate and physiological function of KI-AA1363, although unknown, are of considerable interest as an enzyme associated with cancer invasiveness and OP detoxification. The unique toxicological and structural features of KIAA1363 allow it to detoxify some OPs in brain, thereby protecting other sensitive sites both in vitro and in vivo with possible relevance in other tissues. An active site model shows similarities and differences for KIAA1363 as compared with AChE that contribute to the OP structure-activity relationships and ease of OP hydrolysis. There are many OP-detoxifying enzymes (44) including carboxylesterases of special significance in mice (45) . KIAA1363 appears to be particularly important for detoxification in nerve tissue (4), which has several primary and secondary targets of OP poisoning (36) .
Supporting Information Available: Effect of KIAA1363 gene deletion on CPO binding and metabolism, OP specificity for inhibition of KIAA1363 and AChE in vitro and in vivo, KIAA1363 residue interactions with CPO, preliminary studies on construction of the C terminus, time dependency of CPO reactions with liver membranes and in vivo, and sequence alignment for KIAA1363 and homologues. This material is available free of charge via the Internet at http://pubs.acs.org.
Scheme 1. Diethylphosphorylated Adducts and Catalytic Triads of Mouse AChE and KIAA1363 Model Structure
Relative to Mechanisms of Reactivation a a The spatial relationship of substituents is more precisely shown in Figure  10 .
